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SDC Call-out – Video Abstract
Visual imprinting is a learning process through which young, visually naïve animals come to recognize a visual stimulus by being exposed to it (training) and subsequently approach the stimulus in preference to others. A large body of evidence indicates that a restricted part of the forebrain, the intermediate medial mesopallium (IMM), is a memory region for visual imprinting in the domestic chick. Previous studies have shown learning-related up-regulation of several mitochondrial proteins in the IMM 24 h after training. Learning-related increases in transcription factors involved in mitochondrial biogenesis were found without significant change in mitochondrial DNA copy number, but the issue of whether mitochondrial fusion or fission processes change with learning was unresolved. The present study enquired whether proteins involved in mitochondrial fusion and fission contribute to memory following imprinting. Tissue was sampled from the left and right IMM, and the left and right posterior pole of the nidopallium (a control brain region not involved in imprinting). The amounts of the following proteins were measured by Western immunoblotting 24 h after training: mitochondrial mitofusin-1 (MTF-1, as indicator of mitochondrial fusion), membrane dynamin-related protein-1 (DRP-1, as indicator of mitochondrial fission) and cytoplasmic DRP-1. Learning-related increases in MTF-1 and DRP-1 were observed bilaterally in the IMM, but not in either side of the posterior pole of the nidopallium. Cytoplasmic DRP-1 was not changed significantly in any region studied. The results implicate increased, balanced levels of mitochondrial fusion and fission in memory formation up to 24 h after training.
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Introduction
Visually naïve domestic chicks come to recognize a visual stimulus by being exposed to it and subsequently approach it in preference to other stimuli. This learning process is visual imprinting, which involves recognition memory and occurs in many species [see e.g. 1]\h . The intermediate and medial mesopallium (IMM), formerly termed the IMHV [2], is a chick forebrain region of crucial importance for visual imprinting and the available evidence [3-5] indicates that it stores information about the imprinting stimulus. The precise homology of the IMM is unknown. However, the IMM resembles mammalian association cortex [3], and homology with neocortical layers 2 and 3 has been proposed on the basis of the distribution of cholecystokinin mRNA expression [5a].
Learning-related molecular changes occur in the IMM after imprinting in a progression from transient/labile to trophic neural modiﬁcations, culminating in stable recognition memory [cf 4,5]. There is learning-related up-regulation of several mitochondrial proteins in the IMM, including subunits I and II of cytochrome c oxidase, voltage-dependent anionic channel-1 and chicken P-38 (resembling the P32 subunit of splicing factor SF2) [6,7]. We speculated that these changes reflect increased numbers of mitochondria, and accordingly studied the effect of imprinting on copy number of mitochondrial DNA and on amounts of MTFA, NRF-1 and PGC1-alpha, three transcription factors involved in mitochondrial biogenesis. No significant changes were found in amount of mitochondrial DNA or PGC1-alpha, but learning-related increases occurred in MTFA and NRF-1 [7]. Since regulation of mitochondrial biogenesis is not the only function of MTFA and NRF-1, we suggested that these results reflected changes specific to the mitochondrial proteome [7]. However, further evidence was needed to test the hypothesis fully, and the relative contributions of mitochondrial replication and fusion were unresolved.
Here, we inquire whether imprinting leads to changes in mitochondrial fusion and/or fission. Mitochondria continuously undergo these opposing processes, which determine the average size of mitochondria and the overall degree of continuity of the mitochondrial network [8]. Mitofusin-1 (MTF-1) is the key protein for mitochondrial fusion and dynamin related protein-1 (DRP-1) is essential for mitochondrial division in all species tested [9,10]. Recruitment of DRP-1 from cytosol to mitochondrial membrane is essential for development of active mitochondrial fission sites and mitochondrial division [9,11]. Mitochondrial fusion and fission contribute to regulation of pre- and postsynaptic activities by influencing mitochondrial ATP production and Ca2+ cycling. Altered expression and activity of enzymes involved in fusion and fission occurs in neurodegenerative disorders [12]. Despite the significance of these processes for synaptic plasticity, their role in learning and memory is unclear. Because of this, and in the light of previous findings, we have  inquired whether imprinting gives rise to learning-related changes in MTF-1 or DRP-1 in the IMM.
Methods
Training and testing 
Fertile eggs (Cobb 500) were obtained in Tbilisi, Georgia. Nine batches of chicks were hatched and reared in darkness, and trained as previously [6]. Briefly, in each batch there were < 3 trained chicks and a control chick from the same hatch. At 22–28 h post-hatch, each chick to be trained was exposed in a running wheel to a training stimulus (a rotating red box) and a hen’s maternal call. Wheel turns by the chick measured training approach. Chicks received a preference test in running wheels 10 min after training by being shown sequentially the training stimulus and an alternative stimulus - a rotating blue cylinder [7] but with no maternal call. A preference score (approach to training stimulus during test x 100/total approach during test) measured strength of imprinting (ie learning). A score ~ 100 indicates strong learning, ~ 50 indicates poor learning. Chicks were decapitated 24 h post-training. Four tissue samples were removed, from left and right IMM and left and right PPN [7], and immediately covered in dry ice. All further procedures were conducted blind. Experiments were conducted as required by the I. Beritashvili Institute Bioethics Committee. Animal numbers were estimated from experience to be the minimum for adequate statistical analysis.
Electrophoresis and immunoblotting
Isolation of cytoplasmic and P2 mitochondrial-membrane fractions, protein determination, sample preparation, SDS-polyacrylamide gel electrophoresis and Western blotting was carried out as described previously [7]. Aliquots (30 µg of protein and equal volume) were applied to gels. The molecular weights of MTF-1 and DRP-1 are very similar and therefore separate electrophoresis and blotting was carried out for them and for cytoplasmic DRP-1. After protein transfer to nitrocellulose membranes, the membranes were stained with Ponceau S and analysed with Image J software (https://imagej.net/ImageJ (​https:​/​​/​imagej.net​/​ImageJ​)) to confirm uniform gel loading and transfer, and incubated with anti-MTF-1 polyclonal antibody (ab123641, Abcam) and anti-DRP-1 polyclonal antibody (ab118926, Abcam). 
Standard immunochemical procedures were performed using peroxidase-labelled secondary antibodies and Super Signal West Pico Chemiluminescent substrate (Pierce). Blots were exposed with intensifying screens to X-ray films pre-flashed with Sensitize (Amersham). Optical density of protein bands was measured using LabWorks 4.0 (UVP) software. Each film was calibrated with protein standards from either cytoplasmic or P2 mitochondrial-membrane fractions of IMMs from untrained chicks (Supplementary Material, Fig. 1S). Optical density of each sample band was divided by optical density of the band for 30 μg of protein standard [7] to give “relative amount of protein”.

Recent studies have shown significant variation in some housekeeping genes including β-actin, β-tubulin, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), both at the mRNA and protein levels, in various neurological events [13, 14].  Furthermore, available data for cellular and molecular changes after imprinting cannot guarantee that such proteins are unaffected by training [3-5, 7]. A study of housekeeping gene expression patterns in the IMM has also indicated that actin, GAPDH and other proteins are not reliable controls and that the left and right sides differ in expression stability [15]. Therefore, data were not normalized with respect to a housekeeping protein. Gel loading was controlled by Ponceau S staining and Image J software analysis, calibration with protein standards and standardization using mean amount of protein in each batch (see below).
Statistical analysis
The lme function of the nlme package in R [16]  was used in mixed-effects regression analyses with preference score and side as predictors. Data from IMM and PPN were analysed separately owing to their functional disparity [5]. In Fig. 1, preference score is plotted against standardized relative amount of protein, calculated by subtracting batch mean from relative amount of protein and adding back the overall mean to remove between-batch variation. Also plotted in Fig. 1 are regression lines and intercepts estimating protein levels for preference scores 50 (no learning) and 100 (strong learning), with standard errors. These intercepts were each compared with the mean of untrained chicks with a t-test corrected for differences in sample variances. Criteria for inferring learning-relatedness were: (i) significant correlation between standardized relative amount of protein and preference score, (ii) no significant difference between mean value for untrained chicks and intercept at preference score 50, (iii) significant difference between the mean for untrained chicks and the intercept at preference score 100 and (iv) residual variance in the regression after fitting preference score was not significantly lower than variance in untrained chicks [cf. 4]. Tests were two-tailed unless otherwise stated and P < 0.05 was taken as significant.

Results
Mean preference score of trained chicks was 73.9 + 4.9 standard error of the mean (n = 22), significantly exceeding the ‘no preference’ score of 50 (t = 4.85, 21 df, P < 0.0001). Mean approach during training and testing were 72.6 + 16.3 and 21.9 + 9.8 metres respectively. Neither approach measure correlated significantly with preference score, nor was significant in any regression model; they were therefore dropped from the models.
Anti-MTF-1 antibody bound to an 85 kDa band and the anti-DRP-1 antibody reacted with a band of 82 kDa in both P2 and cytoplasmic fractions, identified as chicken MTF-1 and DRP-1 respectively (Fig. 1S, Supplementary Material).
SDC Callout - Fig. 1S
Data analysis is summarised in Tables 1 (IMM) and 2 (PPN). In no analysis was any term including side (left/right) significant; nor was residual variance from the regression with preference score significantly lower than the variance in untrained chicks. A significant lowering of variance would have indicated a correlation pre-existing in untrained chicks [4]. In contrast, the present results are consistent with significant correlations, when present, being a result of training.
Tables 1 and 2 near here
When left and right sides were combined, membrane MTF-1 was significantly correlated with preference score in IMM (r = 0.64, 11 df, P = 0.02,). Corresponding correlations were found in both the left and the right IMM (P = 0.03 and 0.01 respectively). For both sides of IMM combined, and also separately, the intercept at maximum preference score was significantly (P < 0.02) greater than the mean for untrained chicks. In addition, the intercept at preference score 50 did not differ significantly from the mean untrained value (Fig. 1 a,b and Table 1). 
Fig. 1 near here
The results indicate that the level of membrane MTF-1 in both left and right IMM varies with learning strength. For PPN in contrast, there was no significant correlation between membrane MTF-1 level and preference score, either when the left and right sides were pooled or analysed separately (Table 2). Although the intercept at preference score 100 for membrane MTF-1was significantly greater than the untrained value in the right PPN (P = 0.01; Table 2), the lack of correlation with preference score in this region indicates that there are insufficient grounds for inferring learning-relatedness.
The level of membrane DRP-1 in IMM was significantly positively correlated with preference score when data from both sides were combined (r = 0.84, 12 df, P < 0.001). The intercept at preference score 100 was significantly greater than the mean value in untrained chicks (P < 0.001) and the intercept at preference score 50 did not differ significantly from that for untrained chicks. Similar patterns were observed in the left and right IMM when analysed separately (Fig. 1 c,d; Table 1). The data thus indicate that levels of membrane DRP-1 in both left and right IMM varied in a learning-related manner. In PPN, there was no significant correlation between preference score and membrane DRP-1, or significant differences when comparing the mean from untrained chicks with either intercept; this was true both when the data from the two sides were pooled and also when analysed separately (Table 2). There were thus insufficient grounds for inferring learning-relatedness in level of membrane DRP-1 on either side of the PPN.
No significant correlation was found between preference score and level of cytoplasmic DRP-1 in IMM or PPN, either when left and right sides were combined or when analysed separately. In addition, the mean value for untrained chicks was statistically homogeneous with both intercepts, indicating the absence of learning-related changes (Tables 1 and 2).
Discussion
The criteria used to infer that a change following training is learning-related have been published [see e.g. 4,5,7]. Application of these criteria to the present results identified learning-related changes in the IMM 24 h after training in MTF-1 (an indicator of mitochondrial fusion) and DRP-1 in the mitochondrial-membrane fraction. Cytoplasmic DRP-1 was not affected significantly. The mitochondrial-membrane compartment is involved in mitochondrial division [10, 11] and accordingly the up-regulation of DRP-1 in the mitochondrial-membrane fraction without observable change in cytoplasmic DRP-1 indicates that mitochondrial fission was up-regulated. For none of the proteins studied were changes found in the PPN, a control brain region not involved in imprinting.
Previous work has identified learning-related changes 24 h after training that are predominantly expressed in the left IMM [reviewed in 3-5]. Some learning-related changes occur simultaneously in the right IMM, but are typically expressed to a lesser degree. In the present study, similar results were observed on both sides of the IMM. The available evidence indicates that left IMM is a memory store for imprinting stimulus information. The right IMM is also a memory store but in addition is necessary for memory formation elsewhere [cf 3,4]. Storage in right IMM differs from that in left IMM [3-5]. Whether storage on the right side has a different level of mitochondrial change than storage on the left side remains to be determined. Since the present study detected no hemispheric asymmetry in IMM, the mitochondrial changes associated with storage may be the same on both sides. However, the possibility should also be considered that storage in the right IMM entails less mitochondrial modification than storage on the left, given the different properties of the two sides. Some of the mitochondrial modification on the right may then be associated with the additional right IMM functionality responsible for storage outside the IMM.
Mitochondria cannot be generated de novo; instead, they proliferate by growth and division of extant organelles that fuse and divide [17]. Fusion and fission have collectively been termed mitochondrial dynamics and are important for normal mitochondrial function. For example, mitochondrial fusion is important for inheritance and maintenance of mitochondrial DNA [18]. Furthermore, disruption of mitochondrial fusion in mammalian cells leads to mitochondrial heterogeneity and dysfunction, possibly due to nucleoid loss [19,20]. Defective mitochondrial division leads to interconnected mitochondrial structures that accumulate in restricted parts of the cell and a dearth of mitochondria elsewhere [18]. Proper mitochondrial distribution is especially important in extensively arborising cells such as neurons, and DRP-1 is necessary for proper mitochondrial distribution in dendrites [18,21]. The importance of mitochondrial dynamics for the nervous system is emphasized by (i) peripheral neuropathies and impaired development of the human nervous system arising from impaired fusion and fission of genetic origin [cf 12]; and (ii) increased mitochondrial fragmentation proposed to be a characteristic pathogenic feature of Alzheimer’s disease [22].
Not only is glucose essential for brain function under normal conditions, but memory strength can be modulated by manipulating plasma glucose concentration [23]; the effect on memory is related to plasma glucose level rather than to the humoural manipulations employed to modulate it [24]. Moreover, modulation of oxidative metabolism in brain mitochondria can have profound effects on synapses and cognitive functions including memory. For example, both synaptic transmission and memory can be modified via cannabinoid receptors in hippocampal mitochondrial membranes [25]. The learning-related changes in mitochondrial dynamics demonstrated in the present study, one day after training in a memory system of the chick brain, reflect significant changes, possibly underpinning increased specific responsiveness of IMM neurons to a visual imprinting stimulus, modified axospinous synaptic morphology and/or learning-related changes in proteins associated with synaptic plasticity [cf 3-5].
Whereas there are learning-related increases in level of several mitochondrial proteins in the IMM 24 h after training, copy number of mitochondrial DNA is unchanged [6,7]. The present study shows for the first time that, despite constancy of DNA copy number, proteins involved in mitochondrial fusion and fission change after imprinting, raising the possibility of a control mechanism balancing these two opposing processes. Our results emphasize the importance of mitochondrial processes in long-term memory and possibly reflect increased energy demand, to which synapses modified by learning may contribute.
Conclusion: Proteins involved in mitochondrial fusion and fission are increased in a learning-related way in the IMM of chicks 24 h after imprinting training. These results, together with previously demonstrated contemporaneous changes in the levels of mitochondrial proteins, indicate that mitochondrial dynamics play an important role in long-term memory.
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Table 1. Summary of results from left and right IMM, both combined and separately. Results for different proteins in separate columns. Data for untrained chicks are in the upper part of the table, data from trained chicks below. y-intercepts for preference scores 50 and 100 are given, together with results of comparisons of these intercepts with mean values for untrained chicks using t-tests. Membrane MTF-1 and membrane DRF-1 were correlated with preference score in a learning-related manner (see text), both when left and right IMM were combined and when analysed separately (shaded cells). On the bottom line is given the probability (one-tailed F-test) for a comparison of residual variance from the regression with the variance of untrained chicks; a probability < 0.05 would have indicated a pre-existing correlation in the absence of training (cf Results and [4]). All other tests are two-tailed. *P < 0.05, **P < 0.01.





2.	Legend to Fig. 1S. Sample films and calibration plots for a, membrane MTF-1; b, membrane DRP-1 and c, cytoplasmic DRP-1. Bottom panels, sample radiographs; top panels, calibration plots (lines fitted by linear least-squares regression). Numbers 1-4 beneath films denote 15, 30, 45 and 60 µg protein respectively.
3.	Video Abstract.





